Abstract| In this paper, a new symbolic noise analysis and modeling tec hnique is presented. The new method exploits the sharing of symbolic expressions in the noise models b y using a recently introduced graph, called determinan t decision diagrams DDDs, for sym bolic determinan t representations. With efcient DDD-based graph manipulations, we are able to generate the exact noise models for analog bloc ks. Sym bolic noise analysis and modeling on real analog circuit examples are presen ted and compared with SPICE noise simulation.
Introduction
Noise behavior is an important c haracteristic of analog circuits, as it usually determines the fundamen tal limit of the performance of analog circuits.
Numerical noise analysis for analog circuits in DC steady-state can be carried out e cien tly by using the adjoint method 6 . But for system-lev el noise sim ulation, the adjoint method still can not o er adequate e ciency . Hierarchical noise analysis becomes an attractiv e alternative. In this method, noise models in terms of noise spectral densities at an output is rst constructed for each circuit block and system-lev el noise is then analyzed by using the block-level noise models. Algorithms to generate approximated analog noise models ha ve been reported in 1 b y using numerical order-reduction tec hniques and in 2 by using sym bolic approximation.
Simpli ed noise models, ho wever, are only valid in a limited range of frequencies. In this paper we present a new approach to deriving the exact noise model in a closed rational form using a new symbolic analysis technique. The new method is based on determinant decision diagrams DDDs to represent the determinan ts of circuit matrices 7 . The new noise modeling technique consists of sym bolic transfer function computation and the gen- eration of noise spectral density functions by DDD-based graph manipulations. Suc h an application scenario is extremely amenable to symbolic analysis based on DDDs due to a huge amoun t of sym bolic-term sharing among the transfer functions. Experimen tal results on practical analog circuits show that the computational cost for obtaining a num ber of transfer functions required by a noise model is almost equal to that of computing a single transfer function. By com bining the exact noise models of analog blocks with DDD-based symbolic analysis, a signi cant speedup over SPICE-based noise sim ulation can beachieved.
The rest of the paper is organized as follows: Section 2 reviews device noise models and symbolic noise analysis. Section 3 presents our method for sym bolic transfer function computation using determinan t decision diagrams, DDD-based noise analysis and modeling techniques. Section 4 describes experimen tal results. Section 5 concludes the paper.
2. Noise Models and Symbolic Noise Analysis
Noise Models
Noise in integrated circuits is caused by some random physical phenomena whic h lead to small curren t and voltage uctuations within circuit devices. Mathematically , noise is characterized in terms of mean and autocorrelation in the time domain, or the po wer spectral densit y i n the frequency domain. The integration of noise spectral density o v er frequency gives the total noise power. The most importan t noise sources in integrated circuit devices are thermal noise, shot noise and icker noise 4
1. Thermal noise is also called white noise due to its independence of frequency. It is caused by the thermal motion of electrons. where K device is a constant for a particular device and a is a constant in the range from 0.5 to 2.
In analog integrated circuits, resistors, bipolar junction transistors BJTs and MOSFET transistors are all noisy devices. Each of them may include several noise sources due to di erent p h ysical phenomena. The widely used noise models for these devices are shown in Fig. 1 V 2 out s=f is called output noise spectral density. With this, computing the noise spectral density function of an output essentially amounts to symbolic computation of a set of transfer functions with di erent inputs and the same output, and consequent squaring operations of each transfer function, and summation of the results. For practical circuits, however, one transfer function is already very lengthy, a n umber of symbolic functions along with the squaring operations will lead to a huge number of product terms in the resulting s-expanded form 2, 3 . So noise analysis in symbolic analyzer ISAAC 2 is limited to small analog circuits.
New Circuit Noise Modeling Method
We n o w i n troduce a new symbolic noise analysis and modeling method. It consists of two steps: 1 deriving the symbolic transfer function of each noise source, and 2 computing the noise spectral density function using s-expanded DDDs and algebraic operations.
Symbolic Transfer Function Computation
For a linearized, time-invariant analog circuit, we can use the modi ed nodal analysis formulation to describe its system of equations as follows: this case, the excitation vector b = f0; ::; I n ; :::; ,I n ; :::; 0g has only two nonzero elements in row s and t. According to Cramer's rule, the transfer function from input current source I n to the output V o can be expressed as So computing all the trans-resistance functions from various inputs to the an output is equal to representing detY and a number of its rst-order cofactors. DDDs are extremely e cient to represent the expressions in a determinant and its cofactors due to the sharing of subsexpressions among them and the exploitation of such sharing. A DDD example is shown in Fig. 3 It is shown in 7 that given a proper vertex ordering, the number of DDD vertices used to represent all the product terms in a symbolic determinant is order of magnitudes less than the number of product terms. This enables DDDs-based symbolic analysis to be able to handle circuits substantially larger than those can be handled by traditional symbolic methods.
Noise Analysis
Instead of presenting our method in a formal way, we illustrate this multi-function computation process by means of a simple RC lter shown in Fig. 4 . The noise sources of noisy resistors in the circuit are also marked in the gure. The circuit matrix of the RC lter can be 
Generation of Noise Spectral Density F unctions
In hierarchical noise simulation, we rst construct the noise model in terms of noise spectral density, V 2 j f=f, for each analog block j. Such noise models are function in only frequency variable f so that it can be used as the lumped noise sources of the block in the higher level noise simulation.
To this end, we expand the transfer function into sexpended form where each coe cient o f s x is explicitly expressed by a c o e cient DDD and the whole s-expanded polynomial is represented by an s-expanded DDD 8 . Consider the RC circuit example, we can rewrite the system equations of circuit in Fig. 4 For each group we build a DDD representing all the product terms in the group, each DDD tree is the coe cient DDD and the whole DDD is the s-expanded DDD as shown in Fig. 6 . It is shown that such an s-expanded With s-expanded DDDs, we can easily obtain the numerical value of each coe cient DDD by e cient DDD evaluation operations 7 . The resulting transfer functions will take the following s-expanded rational form: where a i and b j are all numerical coe cients. From this form, we can easily perform the squaring operation to obtain fs 2 . Since all the device noise sources in terms of noise spectral density from circuit devices are either a constant or a linear function in frequency f, w e can easily obtain the noise spectral density at the output by simple algebraic multiplications and additions as the denominators in all the transfer function are the same determinant of the circuit matrix. Hence the noise spectral density function is still a rational function in f.
Experimental Results
The proposed algorithm has been implemented in a symbolic analyzer 7 . Experimental results from the state variable lter circuit shown in Fig. 7 are presented. The For an Opamp with MOSFET input stage, the two current, I 2 n, f; I 2 n + f , noise sources can be ignored at low frequencies. The voltage noise source, V 2 n , can be obtained by using the circuit con guration shown in the right-hand side of Fig. 9 . All the current noise sources in circuit devices are taken from SPICE and fed into our program. The number of DDD vertices for representing the determinant of the circuit matrix of Cascode Opamp circuit is 5242, while the total number of DDD vertices used for all the transfer functions about 44 is just 10636. This clear shows the power of DDD in exploiting the sharing among di erent transfer functions.
The We then perform noise analysis on the state-variable lter circuit, where each Opamp circuit is treated as a noiseless circuit with an input voltage noise source derived above cascaded at the positive terminal. Each transfer function from a noise source to the output in the lter circuit is computed by the DDD-based hierarchical decomposition method 9 . The resulting transfer functions are expanded into s-expanded forms. We then compute all the numerical coe cients of s i in each transfer function. The resulting transfer functions are functions in only s or frequency f. Figure 10 shows the noise spectral density of the state variable lter circuit computed by SPICE and by the proposed DDD-based method. It can be seen that the results are identical. We note that, the noise spectral density calculation from the resulting symbolic expression took 0.03 second, while SPICE noise analysis took 1.69 second. We used a Linux platform with an Intel Pentium-II CPU at 450 MHz clock rate, and 1000 frequency points were computed.
Conclusions
An e cient symbolic noise analysis and modeling technique has been proposed. It consists of symbolic computations of transfer functions and noise model generations by means of DDD-based graph manipulations. In contrast to other noise modeling techniques, the new method is capable of generating exact noise models of analog circuits e ciently. Experimental results have demonstrated the advantage of the proposed method over the simulationbased methods for the noise analysis of practical circuits.
